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Plants are exposed to a wide range of environmental conditions and one of the major
forces that shape the structure and function of plants are temperature stresses, which
include low and high temperature stresses and considered as major abiotic stresses
for crop plants. Due to global climate change, temperature stress is becoming the
major area of concern for the researchers worldwide. The reactions of plants to these
stresses are complex and have devastating effects on plant metabolism, disrupting cellular
homeostasis and uncoupling major physiological and biochemical processes. Temperature
stresses disrupt photosynthesis and increase photorespiration thereby altering the normal
homeostasis of plant cells. The constancy of temperature, among different metabolic
equilibria present in plant cells, depends to a certain extent on a homeostatically regulated
ratio of redox components, which are present virtually in all plant cells. Several pathways,
which are present in plant cells, enable correct equilibrium of the plant cellular redox state
and balance fluctuations in plant cells caused by changes in environment due to stressful
conditions. In temperature stresses, high temperature stress is considered to be one of
the major abiotic stresses for restricting crop production worldwide. The responses of
plants to heat stress vary with extent of temperature increase, its duration and the type
of plant. On other hand, low temperature as major environmental factor often affects
plant growth and crop productivity and leads to substantial crop loses. A direct result
of stress-induced cellular changes is overproduction of reactive oxygen species (ROS)
in plants which are produced in such a way that they are confined to a small area and
also in specific pattern in biological responses. ROS (superoxide; O−2 , hydroxyl radicals;
OH−, alkoxyl radicals and non-radicals like hydrogen peroxide; H2O2 and singlet oxygen;
1O2) are highly reactive and toxic and cause damage to proteins, lipids, carbohydrates
which ultimately results in oxidative stress. ROS may also serve as signaling molecules
in mediating important signal transduction pathways that coordinate an astonishing range
of diverse plant processes under temperature stress. To counter temperature induced
oxidative stress, plants upregulate a variety of enzymatic and non-enzymatic antioxidants
which are also information-rich redox buffers and important components of redox signaling
that interact with biomembrane-related compartments. They provide essential information
on cellular redox state, and regulate gene expression associated with stress responses to
optimize defense and survival, stress acclimation and tolerance. The work done by various
researchers has explored a direct link between ROS scavenging and plant tolerance
under temperature extremes in various crops which include legumes, cereals, oil crops
and vegetables. There is ample need to develop temperature tolerance in crop plants
by exploring suitable strategies to manage oxidative stress and maintain cellular redox
state. Here, we summarize the studies linking ROS and temperature stress in plants,
their generation and site of production, role of ROS as messengers as well as inducers
of oxidative damage and strategies for the development of temperature stress tolerance
involving redox homeostasis in various agricultural crops.
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INTRODUCTION
Plants are constantly subjected to different environmental con-
ditions, which cause alterations in their metabolism in order
to maintain a steady-state balance between energy generation
and consumption and also in their redox state (Suzuki et al.,
2011). Several environmental conditions result in stress in
plants to adversely affect the metabolism, growth and develop-
ment and may even lead to death under long-term exposures
www.frontiersin.org March 2015 | Volume 3 | Article 11 | 1
ENVIRONMENTAL SCIENCE
Awasthi et al. Temperature stress and oxidative responses in crops
(Boguszewska and Zagdanska, 2012). Various abiotic stresses
include drought, salt, low/high temperature, flooding and anaero-
bic conditions, which limit crop growth and productivity (Lawlor
and Cornic, 2002). Among all the stresses, temperature stresses
(cold or heat) can have devastating effects on plant growth and
metabolism, also leading to alterations in redox state of the plant
cell which is one of the important consequences of the fluctuating
environment conditions (Suzuki and Mittler, 2006; Suzuki et al.,
2011; Bita and Gerats, 2013). A delicate balance exists between
multiple pathways residing in different organelles of plant cells,
known as cellular homeostasis (Kocsy et al., 2013). This coor-
dination between different organelles may be disrupted during
temperature stresses due to variation in temperature optimum
in different pathways within cells (Hasanuzzaman et al., 2013a).
The constancy of temperature, among different metabolic equi-
libria present in plant cells, depends to a certain extent on a
homeostatically-regulated ratio of redox components, which are
present virtually in all plant cells (Suzuki et al., 2011). Several
pathways, which are present in plant cells enable correct equilib-
rium of the plant cellular redox state and balance fluctuations in
plant cells caused by changes in environment due to stressful con-
ditions which are otherwise sensitive to changes in environmental
conditions, especially temperature stresses (Foyer and Noctor,
2005, 2012; Suzuki et al., 2011). Plant Redox changes result
in modification or induction of various physiological and bio-
chemical processes through regulatory networks including ROS
and antioxidants by reprogramming transcriptome which include
the set of all RNA molecules, proteome including all proteins
expressed by genome and metabolome such as metabolic inter-
mediates, hormones and other signaling molecules etc. (Foyer
and Noctor, 2009). Furthermore, reactions of plants to tem-
perature stresses are complex and have adverse effects on plant
metabolism by disrupting cellular homeostasis and uncoupling
major physiological and biochemical processes (Hasanuzzaman
et al., 2013a; Hemantaranjan et al., 2014). These stresses alter
the normal homeostasis of plant cells by disrupting photosyn-
thesis and increasing photorespiration (Noctor et al., 2007). A
direct result of stress-induced cellular changes is overproduction
of reactive oxygen species (ROS) in plants which are produced
in such a way that they are confined to a small area and also in
specific pattern in biological responses. The production of ROS
is an inevitable consequence of aerobic metabolism during stress-
ful conditions (Bhattacharjee, 2012). ROS are highly reactive and
toxic, affecting various cellular functions in plant cells through
damage to nucleic acids, protein oxidation, and lipid peroxida-
tion, eventually resulting in cell death (Figure 1) (Bhattacharjee,
2005; Amirsadeghi et al., 2006; Suzuki et al., 2011; Tuteja et al.,
2012). ROS toxicity due to stresses is considered to be one of the
major causes of low crop productivity worldwide (Vadez et al.,
2012).
ROS system consists of both free radicals including superoxide
(O−2 ), hydroxyl radicals (OH−), alkoxyl radicals and non-radicals
like hydrogen peroxide (H2O2) and singlet oxygen (1O2) (Gill
and Tuteja, 2010). During stress conditions, these species are
always formed by the leakage of electrons from the electron
transport activities of chloroplasts, mitochondria, and plasma
membranes or also as a by-product of variousmetabolic pathways
localized in different cellular compartments (Del Rio et al., 2006;
Gill and Tuteja, 2010; Sharma et al., 2012; Figure 2). Depending
upon their concentrations, ROS play dual role as both delete-
rious and beneficial species in plants (Kotchoni and Gachomo,
2006). At low/moderate concentrations, ROS act as second mes-
sengers in various intercellular signaling pathways that mediate
many responses in plants, thus regulating cellular redox state
whereas at higher concentrations they have detrimental effects
on plant growth (Mittler, 2002; Torres et al., 2002; Yan et al.,
2007; Miller et al., 2008; Sharma et al., 2012). Plants have var-
ious metabolic and developmental processes which are regu-
lated by cross-talk between ROS and hormones (Kocsy et al.,
2013). ROS can activate the synthesis of many plant hormones
such as brassinosteroids, ethylene, jasmonate and salicylic acid
(Ahmad et al., 2010). In contrast, some hormones such as
auxins, ABA, salicylic acid can also result in ROS generation
(Figure 3). The redox state of the cell may be affected by plant
hormones through transcriptional stimulation of genes cod-
ing for molecules involved in redox system (Laskowski et al.,
2002). Various metabolic and developmental processes which
involve interaction between ROS and hormones in plants include
stomatal closure (Yan et al., 2007; Neill et al., 2008), pro-
grammed cell death (Bethke and Jones, 2001), gravitropism
(Jung et al., 2001), control of root apical meristem organiza-
tion (Jiang and Feldman, 2003) and acquisition of tolerance to
both biotic and abiotic stresses (Torres et al., 2002; Miller et al.,
2008).
These ROS are continuously reduced/scavenged by plant
antioxidative defense systems which maintain them at cer-
tain steady-state levels under stressful conditions (Tuteja et al.,
2012). An efficient anti-oxidative system comprising of the non-
enzymatic as well as enzymatic antioxidants is involved in scav-
enging or detoxification of excess ROS (Noctor et al., 2007;
Sharma et al., 2012). Various enzymatic antioxidants comprise
of superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPX), enzymes of ascorbate-glutahione (AsA-GSH)
cycle such as ascorbate peroxidase (APX), monodehydroascor-
bate reductase (MDHAR), dehydroascorbate reductase (DHAR),
and glutathione reductase (GR) (Noctor and Foyer, 1998; Foyer
and Noctor, 2003) whereas Non-enzymatic antioxidants include
phenolics, ascorbate (AsA), glutathione (GSH), carotenoids,
and tocopherols (Apel and Hirt, 2004; Gill and Tuteja, 2010).
Increased activities of many antioxidant enzymes have been
observed in plants to combat oxidative stress induced by various
environmental stresses and also to maintain cellular homeostasis
(Blokhina et al., 2003; Almeselmani et al., 2006). Maintenance of
a high antioxidant capacity to scavenge the toxic ROS has been
linked to increase in tolerance of plants to these environmen-
tal stresses (Suzuki et al., 2011; Hasanuzzaman et al., 2013a).
Transgenic lines with altered levels of antioxidants have been
developed for improving stress-induced oxidative stress toler-
ance in various crop plants (Chen et al., 2010; Hasanuzzaman
et al., 2013b). Transgenics developed with concurrent expres-
sion of multiple antioxidant enzymes are found to have more
tolerance to multiple environmental stresses compared to those
transformed with one or two genes (Suzuki et al., 2011; Sharma
et al., 2012).
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FIGURE 1 | Reactive oxygen species induced oxidative damage to lipids,
proteins and nucleic acids.Oxidative stress, induced by the accumulation of
reactiveoxygenspecies (ROS)suchasO−2 ,H2O2 andOH
,whichcanbringouta
range of stress responses. Exposure of cells to severe oxidative stress can elicit
lethal response pathways such as apoptosis, necrosis, and possibly other forms
of cell death pathways which can ultimately lead to programmed cell death.
TEMPERATURE STRESSES
Temperature stress is becoming a major area of concern for
plant scientists due to climate change, affecting crop production
worldwide (Hasanuzzaman et al., 2013b). Every plant species has
optimum temperature limits for its growth and development and
abnormal temperatures have devastating effects on plant growth
and metabolism (Yadav, 2010; Suzuki et al., 2011; Hasanuzzaman
et al., 2012a, 2013b; Kumar et al., 2013a,b). According to global
climate change scenarios, high temperature stress is considered
as a critical factor for plant growth and productivity and the
plant responses to high temperature vary with the extent of tem-
perature increase, its duration and type of plant (Mittler, 2006;
Wahid et al., 2007; Hasanuzzaman et al., 2012a). High tem-
perature may adversely affect vital physiological processes like
photosynthesis, respiration, water relations andmembrane stabil-
ity and also modulate levels of hormones, primary and secondary
metabolites (Hemantaranjan et al., 2014). Furthermore, for the
duration of plant ontogeny, enhanced expression of a variety of
heat shock and stress-related proteins and production of ROS
constitute the major plant responses to heat stress (Saidi et al.,
2011; Hasanuzzaman et al., 2013a; Hemantaranjan et al., 2014).
Higher ROS concentrations are associated with lipid peroxida-
tion; mainly cellular membranes are particularly susceptible to
oxidative damage (Sharkey, 2005; Suzuki and Mittler, 2006).
In addition, acquired thermotolerance, i.e., the ability of plants
to develop heat tolerance was shown to be mediated in plants
by enhancing cellular mechanisms that prevent oxidative dam-
age under high temperature conditions in crops (Larkindale
and Huang, 2004; Suzuki and Mittler, 2006). According to vari-
ous studies, different types of signal transduction pathways and
defense mechanisms due to heat stress are involved in sens-
ing of ROS and helpful in providing thermotolerance to crop
plants (Figure 4; Apel and Hirt, 2004; Kreslavski et al., 2012;
Hasanuzzaman et al., 2013b; Miura and Furumoto, 2013). In
contrast, low temperature stress or cold stress is another fac-
tor that often affects plant growth and productivity and leads
to substantial crop losses (Croser et al., 2003; Yadav et al., 2004;
Beck et al., 2007; Yadav, 2010; Sanghera et al., 2011; Miura and
Furumoto, 2013). Cold stress or low temperature, which includes
both chilling stress (<20◦C) and freezing stress (<0◦C) is one
of the most significant abiotic stresses of agricultural plants,
affecting plant development and yield and consequently reduc-
ing crop production (Lang et al., 2005; Thakur et al., 2010).
It results in micro-organelle disruption, phase transition in cell
membrane lipids and generation of ROS (Kim et al., 2013). It
also induces cascades of alterations in metabolic pathways which
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FIGURE 2 | Production of ROS in different organelles. During abiotic
stress conditions organelles with highly oxidizing metabolic activities such
as mitochondria, chloroplast and peroxisomes are major sites of ROS
production (Mittler et al., 2004). In mitochondria, ROS production is likely
to occur in complex I and Q zone (Blokhnia and Fagerstedt, 2006). In the
chloroplast, during photosynthesis, energy from sunlight is captured and
transferred to photoystem I (PS I) and photoystem II (PS II). O−2 , which is
produced mainly by electron leakage from Fe-S centers of PS I or reduced
ferredoxin (Fd) is then converted to H2O2 by SOD (Gechev et al., 2006).
Under excess light conditions, PS II is able to generate 1O2 by energy
transfer from the triplet state chlorophyll (Asada, 2006). In peroxisomes,
ROS is produced mainly during photorespiration and also during β-oxidation
of fatty acid. During carbon assimilation, carboxylation of
ribulose-1,5-bisphosphate (RuBP) by ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), can also use O2 to oxygenate
ribulose-1,5-bisphosphate. Under abiotic stress conditions, which impair
CO2 fixation in the chloroplast, the oxygenase activity of RuBisCO
increases and the glycolate that is produced moves from the chloroplast to
peroxisomes, where it is oxidized by glycolate oxidase (GO) forming H2O2
(Takahashi and Murata, 2008). In peroxisomes, H2O2 can also be formed
directly from O2 by enzyme systems such as xanthine oxidase (XO)
coupled to SOD (Mhamdi et al., 2010). Plasma membrane-bound NADPH
oxidases as well as cell-wall associated peroxidases are the main sources
of O−2 and H2O2 producing apoplastic enzymes (Mhamdi et al., 2010).
include changes in membrane fatty acid composition, activity of
antioxidant enzymes, gene regulation and changes in redox state
(Shahandashti et al., 2014). According to various reports, mech-
anisms governing the temperature response in higher plants are
being extensively probed to improve the cold tolerance in agricul-
tural crops (Chinnusamy et al., 2007; Thakur et al., 2010). Various
cellular changes, which are induced by either high temperature or
low temperature lead to the overproduction of toxic compounds,
especially ROS that result in oxidative stress (Mittler, 2002). ROS
have toxic potential effects as they can induce protein oxidation,
DNA damage, lipid peroxidation of membranes (malondialde-
hyde content) and destruction of pigments (Apel and Hirt, 2004;
Xu et al., 2006; Hasanuzzaman et al., 2012a), however plants have
evolved variety of responses to extreme temperatures that help
in minimizing damages and provide cellular homeostasis (Kotak
et al., 2007). Direct link exists between ROS scavenging and
plant stress tolerance under temperature stress conditions which
is often related to enhanced activities of antioxidative defense
enzymes that confers stress tolerance to either high temperature
or low temperature stress (Huang and Guo, 2005; Almeselmani
et al., 2009).
TEMPERATURE STRESSES AND OXIDATIVE DAMAGE IN
CROPS
LEGUMES
Grain legumes are important food commodities and also the
essential components of crop rotation throughout the world
(McDonald and Paulsen, 1997). High temperature stress is
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FIGURE 3 | Cross-talk between hormones and ROS during regulation of
redox environment. Various spatial and temporal changes in the levels of ROS
and hormones at various organizational levels are important in operation of
regulatory network. The concentration-dependent effects of ROS and their
interactions with hormones control the growth and development in general,
including both activation and inhibition of certain signaling pathways. Thismodel
shows the interactionsbetweenvarioushormonesandROS.ABA, abscisic acid;
JA, jasmonate; ROS, reactive oxygen species; SA, salicylic acid; NO, nitric oxide.
predicted to occur more frequently further affecting various
aspects of leguminous crops (Hatfield et al., 2011; Ibrahim, 2011;
Reddy et al., 2012). ROS produced during extreme temperature
conditions have been demonstrated to cause oxidative damage
leading to cellular injury in legumes (Apel and Hirt, 2004). In
Phaseolus vulgaris, increased H2O2 content was observed at 46–
48◦C, which further led to lipid peroxidation in membranes and
accumulation of malondialdehyde (MDA) (Nagesh and Devaraj,
2008; Kumar et al., 2011). In chickpea (Cicer arietinum), at
40/30◦C (day/night) temperatures under controlled conditions,
symptoms of heat stress arise in the form of chlorosis of leaves,
membrane damage and loss of viability of tissues. The damage to
the plants becomes intensive at 45/35◦C (Kumar et al., 2011) that
was attributed to increased oxidative damage as lipid peroxidation
and H2O2 content, which was relatively greater in heat-sensitive
genotypes, especially at 40/30 and 45/35◦C. According to Kaushal
et al. (2011), oxidative damage, measured as lipid peroxidation
and hydrogen peroxide concentration, increased with heat stress
(45/40◦C), pertinently lipid peroxidation was found to increase
to a greater extent indicating membrane injury. Also, decrease in
the activities of enzymatic antioxidants (SOD, CAT, APX, GR)
was observed, which was due to their denaturation at higher
temperature, i.e., 45/40◦C. When compared with other grain
legumes such as pigeonpea, groundnut and soybean, chickpea was
the most sensitive in terms of oxidative damage, membrane ther-
mostability and PSII function (Srinivasan et al., 1999). In another
legume, Mungbean (Vigna radiata L), which is a summer-season
crop, the seedlings exposed to higher temperature of 50◦C for
2 h (lethal temperature) as well as pretreated with 40◦C for
1 h, were analyzed for MDA content and antioxidative enzymes.
The results showed that the growth in lethal temperature was
extremely poor which improved when pre-treatment of 40◦C was
applied before 50◦C. The content of MDA in seedlings treated
with lethal temperature was highest at any harvest, which reduced
when seedlings were pre-treated with 40◦C prior to lethal stress
(Mansoor and Naqvi, 2013). These observations were attributed
to heat acclimation, which improved the antioxidant defense. In
soybean, heat stress enhanced membrane permeability and elec-
trolyte leakage as a result of oxidative damage, which in turn
reduced the ability of the plasma membrane to retain solutes and
water (Lin et al., 1984). In another related study, increased mem-
brane lipid peroxidation due to heat stress was noticed which
aggravated the membrane injury in soybean (Glycine max) (Tan
et al., 2011). Also, the crop exposed to day/night temperature of
38/28◦C for 14 days at flowering stage showed damage to chloro-
plast and thylakoids membranes (Tan et al., 2011). Heat induced
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FIGURE 4 | Various signaling and defense pathways in response to
temperature stresses. Temperature stresses affect the plasma membrane
to activate calcium channels, which induces Ca2+ influx (Saidi et al., 2009),
thus the MAPK cascade leading to gene expression. Secondary signals like
ROS, H2O2, NO, and ABA lead to stress-tolerance (Hua, 2009; Mishkind
et al., 2009). Abbreviations: CaM3, Calmodulin; CDPKs, Calcium-dependent
protein kinases; MAPKs, Mitogen activated protein kinases; N0, Nitric
oxide; PLD, Phospholipase D; PIPK, Phosphadidylinositol-4,5-biphosphate
kinase; PA, Phosphatidic acid; IP3, D-myo-inositol-1,4,5-triphosphate; DAG,
Diacylglycerol.
membrane damage has been reported in broad bean (Hamada,
2001) and soybean (Djanaguiraman et al., 2011). ROS arising
out from heat stress were implicated as primary agents causing
oxidative injury in all these studies.
Many economically important legumes are sensitive to tem-
perature below 15◦C (Ouellet, 2007). Stressful low temperatures
lead to disruption of respiration by affecting respiratory rate
which may at first increase in response to chilling (Kaur et al.,
2008) but on continued exposure, it decreases (Munro et al.,
2004) or plants may resort to some alternative respiratory path-
way as found in case of mungbean (Vigna radiata) and pea leaves
(Gonzalez-Meler et al., 1999). Besides these implications, other
harmful effects of low temperature reported are loss of membrane
fluidity and rigidification (Vigh et al., 2007; Jewell et al., 2010),
generation of ROS (Wang et al., 2009a,b; Turan and Ekmekci,
2011). At metabolic levels, chilling stress negatively affects pho-
tosynthesis as described in pea (Pisum sativum; Guilioni et al.,
1997), mungbean (Vigna radiate; Gonzalez-Meler et al., 1999),
beans (Phaseolus vulgaris; Tsonev et al., 2003), chickpea (Cicer
arietinum; Nayyar et al., 2005b; Berger et al., 2006), pigeon pea
(Cajanus cajan; Sandhu et al., 2007), faba beans (Torres et al.,
2011), soybean (Ohnishi et al., 2010; Board and Kahlon, 2012).
The loss of membrane integrity is the primary damage of chilling
temperatures due to oxidative stress, which results in the pro-
duction of H2O2 and MDA content due to lipid peroxidation
(Nayyar and Chander, 2004; Tambussi et al., 2004; Nayyar et al.,
2005a,b,c,d). Inmungbean, exposure of plants to low temperature
showed damage to PSII, further reducing photochemical effi-
ciency due to photoinhibition and damage to chloroplast (Saleh,
2007). It also resulted in swelling of plastids and accumulation of
lipid drops, ultimately leading to disorganization of entire plas-
tid (Ishikawa, 1996). In mungbean, 5 days old seedlings subjected
to stressful low temperature (4◦C for 2 days) showed irreversible
chilling injury as evident from increased electrolyte leakage con-
tents due to membrane damage (Chang et al., 2001). Chilling-
inflicted membrane damage was also reported in broad bean
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(Hamada, 2001). Chickpea is a chilling- sensitive crop and its pro-
ductivity is adversely affected by chilling temperatures as chilling
stress is the principal cause for crop reduction in chickpea (Nayyar
et al., 2005b). Increased electrolyte leakage was reported in chick-
pea under cold stress (5/13◦Cmean min. and max. temperature),
thereby indicating altered membrane permeability, structural dis-
integration andmembrane injury in chickpea (Croser et al., 2003;
Nayyar et al., 2005a). For chickpea, same results were observed in
various studies conducted by different researchers (Bakht et al.,
2006; Turan and Ekmekci, 2011; Shahandashti et al., 2014). The
decrease in photosynthetic capacity was observed in soybean
(Glycine max), which was partly due to chilling-associated oxida-
tive damage to chloroplast components. Also, the lipid peroxida-
tion and oxidative damage to thylakoid proteins were observed in
leaves of soybean exposed to chilling stress under light (Tambussi
et al., 2004). In another study of Glycine max, a much larger
reduction was observed in the speed of germination of radi-
cal length at chilling temperature, which was probably due to
decrease in activity of numerous enzymes involved in degrada-
tion of seed storage reserves, transport of degradation products
and their metabolism in the embryonic roots. This decrease in
enzymatic activity was resulted due to generation of ROS induced
by chilling stress (Borowski and Michalek, 2014).
CEREALS
High temperature stress is considered as a key stress factor with
high potential impact on crop yield of cereals (Hasanuzzaman
et al., 2013a). On the other hand, long term exposure of cereals
to low temperature showed reduction in photochemical effi-
ciency of PSII due to photoinhibition and damage to chloroplast
(Kratsch andWise, 2000; Hasanuzzaman et al., 2013a). One of the
major consequences of high temperature stress in cereals is oxida-
tive damage caused by imbalance of metabolic processes such as
photosynthesis and respiration either by increasing the ROS or
by decreasing the oxygen radical scavenging ability in the cell
(Mittler, 2002; Wormuth et al., 2007; Barnabas et al., 2008). High
temperature stress leads to the peroxidation of membrane lipids
leading to the production of malondialdehyde (MDA), which
is a good indicator of free radical damage to cell membranes
(Hasanuzzaman et al., 2013a,b). Heat-stress-induced membrane
peroxidation and aggravated membrane injury was observed in
wheat (Savicka and Skute, 2010), rice and maize (Kumar et al.,
2012c) and sorghum (Tan et al., 2011). High temperature stress
in sorghum (Hordeum vulgare) resulted in lipid peroxidation
of membranes to cause membrane injury. Membrane damage
and MDA content increased by 110 and 75%, respectively which
was due to increased H2O2 and O
−
2 content (Mohammed and
Tarpley, 2010). High temperature stress decreased antioxidant
enzyme activities and increased oxidant production in sorghum
(Djanaguiraman et al., 2010). In this study, SOD, CAT and POX
activities were decreased during heat stress (22, 15, and 25%
lower than control plants) and the inhibition of all antioxidant
enzymes in heat-stressed plants relative to control plants indi-
cated inactivation of all antioxidant enzymes by heat stress. In
wheat seedlings, gradual increase in H2O2 content was observed
(0.5, 0.58, 0.78, and 1.1μmol g−1 FW) in response to differ-
ent heat shock treatments of 22, 30, 35, and 40◦C for the time
period of 2 h (Kumar et al., 2012a). Oxidative damage due to
ROS production during long term exposure to high tempera-
ture led to changes in MDA content and O−2 production which
were observed at two growth stages, i.e., early stages (4-day-
old) and late stages (7-day-old) of wheat (Triticum aestivum)
seedlings development (Savicka and Skute, 2010; Cossani and
Reynolds, 2012). In another study on wheat, increased MDA con-
centration was observed in first leaf of wheat seedlings during
high temperature stress conditions, which is due to the increased
production of superoxide radical (O−2 ) (Bohnert et al., 2006).
According to Kumar et al. (2012c), high temperature of 40/35◦C
(day/night temperature) resulted in 1.8-fold and 1.2- to 1.3-fold
increase ofMDA content in rice andmaize genotypes, respectively
over the control treatment. A further increase of MDA content
was observed at 45/40◦C, in both the crops, where an increase
of 2.2- to 2.4-fold was noticed in rice genotypes compared to
1.7-fold increase in maize genotypes. With rise in temperature
to 45/40◦C, oxidative damage increased further in rice geno-
types (Kumar et al., 2012c; Theocharis et al., 2012; Yang et al.,
2012).
Cold stress, especially the chilling stress in cereal crops, is
one major form of stress which affects the crop growth and
yield (Hasanuzzaman et al., 2013a). Cold stress-induced tissue
dehydration further leads to membrane disintegration, reduced
growth and development of plants in maize which was due
to the accumulation of MDA content as a result of lipid per-
oxidation in membranes (Farooq et al., 2009; Yadav, 2010).
According to Yordanova and Popova (2007), exposure of wheat
plants to low temperature (3◦C) for 48 and 72 h resulted in
decreased levels of chlorophyll, CO2 assimilation, transpirations
rates and photosynthesis due to the reduced activities of ATP
synthase, which further restricted RuBisCo regeneration and
limited photophosphorylation (Allen and Ort, 2001). Physio-
biochemical responses to cold stress in tetraploid and hexaploid
wheat were studied where, the elevated levels of electrolyte leakage
index, H2O2 and MDA content were observed in stressed plants
(Nejadsadeghi et al., 2014).
According to some previous reports, oxidative stress as a result
of chilling stress has been observed in some other crops also
(Turan and Ekmekci, 2011). Cold stress adversely affected mem-
brane properties and enzymatic activities leading to plant and
tissue necrosis, as observed in banana (Musa spp.) (Chinnusamy
et al., 2007). Some other crops, which are chilling-sensitive and
have been studied for the adverse effects on growth and develop-
ment include Coffee plant (Coffea Arabica; Alonso et al., 1997),
tomato (Lycopersicum esculentum; Starck et al., 2000) and its wild
varieties, potato (Solanum spp.; Svensson et al., 2002), Citrus
plant (Hara et al., 2003), muskmelons (Cucumis melo;Wang et al.,
2004), cotton (Gossipium hirusutum; Zhao et al., 2012), and sug-
arcane (Saccharum officinarum L; Badea and Basu, 2009; Thakur
et al., 2010; Aghaee et al., 2011; Anjum et al., 2011; Zhu et al.,
2013).
Some other crops, where damage due to ROS in response to
heat stress has been reported are Gossipium hirsutum (Crafts-
Brandner and Law, 2000; Snider et al., 2009), Lycopersicon escu-
lentum (Willits and Peet, 2001; Rivero et al., 2004; Wahid et al.,
2007), Nicotiana tabacum (Wang et al., 2006; Tan et al., 2011),
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Malus domestica (Ma et al., 2008), Brassica juncea (Rani et al.,
2013; Wilson et al., 2014), and Cucurbita sp. (Ara et al., 2013).
REDOX HOMEOSTASIS IN TEMPERATURE-STRESSED CROPS
HIGH TEMPERATURE STRESS
Plants tend to combat ROS production by inducing an antiox-
idant system consisting of enzymatic and non-enzymatic
components under extreme temperature conditions as their
defense system and also maintain their redox homeostasis
(Sairam and Tyagi, 2004; Wahid et al., 2007; Hasanuzzaman
et al., 2013a) (Figure 5). Various studies on plants are available
which indicate tolerance to temperature stress with an increase
in antioxidants (Gill and Tuteja, 2010; Kaushal et al., 2011;
Kumar et al., 2011, 2012b, 2013a; Hasanuzzaman et al., 2012a).
FIGURE 5 | ROS and redox homeostasis in temperature stress. ROS
production in plant cells is a consequence of various stimuli due to
abiotic stress, and modulation by antioxidants, as well as cell metabolism
(Suzuki and Mittler, 2006). During stress, ROS overproduction can pose a
threat to plant cells, and many stress conditions can enhance the
expression of ROS-scavenging enzymes (De Gara et al., 2010). ROS are
actively produced by cells (e.g., by NADPH oxidase in membranes) in
stressful condition, and act as signals for the induction of defense
pathways and eliciting specific cellular responses (Wahid et al., 2007).
The influence of these molecules on cellular processes is mediated by
both the perpetuation of their production and their scavenging by
enzymes such as CAT, catalase; APX, ascorbate peroxidase; GPX,
guaiacol peroxidase; SOD, superoxide dismutase, and GR, glutathione
reductase (Alscher et al., 2002; Suzuki et al., 2011).
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Though all the reports indicate to up-regulation of similar
types of enzymatic and non-enzymatic antioxidants, their
degree and type of expression varies depending upon the plant
type, duration and intensity of the stress. Nagesh and Devaraj
(2008) observed increased activities of glutathione reductase
(GR), peroxidase (POX) and ascorbic acid content in Phaseolus
vulgaris plants during high temperature stress. Increased levels
of sugars, proline, glutathione and ascorbate and activities of
peroxidase (POX), glutathione reductase (GR) and ascorbate
peroxidase (APX) were observed in lablab (Dolichos lablab)
seedlings (D’Souza and Devaraj, 2013). In lentil, Chakraborty
and Pradhan (2011) observed initial increase in CAT, APX, and
SOD activities as temperature increased from 20 to 50◦C before
declining at 50◦C. Likewise, in chickpea, the oxidative stress
assessed by measuring the activity of enzymatic antioxidants such
as CAT, SOD, APX, and GR elevated in plants grown at 40/35◦C
but decreased at 45/40◦C (Kaushal et al., 2011). To cope up the
oxidative stress, increased levels of antioxidants were observed at
40/30◦C, which decreased markedly at 45/35◦C suggesting their
impairment. Heat-tolerant genotypes possessed greater activities
of ascorbate peroxidase (APX) and glutathione reductase (GR),
which possibly influenced the heat tolerance (Kumar et al.,
2011). Seedlings of soybean (Glycine max) exposed to high
temperature at 45◦C showed increased activities of peroxidases
(POX), glutathione reductase (GR) and ascorbate peroxidase
(APX) (D’Souza, 2013); similar findings have been observed in
sorghum (Djanaguiraman et al., 2010). The activity of SOD,
APX, CAT, GR, and POX increased significantly at all stages of
growth in wheat cultivar C306 (heat-toelrant) while the PBW 343
(heat-sensitive) genotype showed a significant reduction in CAT,
GR, and POX activities in response to high temperature stress in
wheat (Almeselmani et al., 2009). Thermotolerance acquired in
a set of wheat (Triticum aestivum) genotypes was correlated with
higher activities of antioxidants such as catalase and superoxide
dismutase, higher ascorbic acid concentration and less oxidative
damage (Sairam et al., 2000; Almeselmani et al., 2006). A study
conducted on wheat by Baldawi et al. (2007) showed heat tol-
erance to be associated with higher activities of SOD, APX, GR,
GST, and CAT. In an another study conducted by Kumar et al.
(2012c), comparative responses of Oryza sativa and Zea mays
revealed the higher expression of enzymatic and non-enzymatic
antioxidants. In enzymatic oxidants CAT, APX, and GR were
found to be significantly higher in Zea mays compared to Oryza
sativa while no variations existed for superoxide dismutase at
the highest temperature applied (45/40◦C), whereas the non-
enzymatic antioxidants (AsA and GSH) were also maintained
significantly at greater levels at 45/40◦C in maize than in Oryza
sativa genotypes. Therefore, Zea mays genotypes were able to
retain their growth under heat stress partly due to their superior
ability to cope up with oxidative damage by heat stress compared
to Oryza sativa genotypes as suggested by these findings. The
relative sensitivity of these plant groups to heat stress may also
be reflected from the observation that Zea mays and Oryza sativa
belong to C4 and C3 plant groups, respectively (Kumar et al.,
2012c). Pearl millet plantlets showed significant increase in SOD,
CAT and peroxidase activities during heat stress (Tikhomirova,
1985). In a similar fashion, exposure of a thermo-tolerant
(BPR5426) and thermo-sensitive (NPJ119) Indian mustard
(Brassica juncea) genotype to high temperature (45◦C) revealed
higher SOD, CAT, APX and GR activities in tolerant genotypes
(Rani et al., 2013). Under heat stress conditions, activity of
antioxidant enzymes such as SOD, APX, POX, CAT increased,
while H2O2 andMDA decreased, which increased shoot weight in
tomato (Ogweno et al., 2008). According to these various studies,
maintaining the redox state is vital to tolerate mild heat stress
while severe stress, even for short periods, impairs this ability.
Therefore, understanding of the expression of antioxidants in
heat-stressed plants of various crops may be a significant step
toward improving redox state and heat tolerance in crop plants.
LOW TEMPERATURE STRESS
Low temperature stress was shown to enhance the transcript, pro-
tein, and activity of different ROS scavenging enzymes of antiox-
idativemachinery which is linked to acquisition of stress tolerance
(Saito et al., 2001; Posmyk et al., 2005; Morsy et al., 2007; Janska
et al., 2009; Figure 5). Higher cold tolerance was observed in
plants having enhanced activities of anti-oxidative enzymes in
chickpea (Kumar et al., 2011). The chilling experiments car-
ried out by Wang et al. (2009b) on alfalfa (Medicago sativa)
genotypes with different chilling sensitivities showed that the
chilling tolerant-genotypes had high anti-oxidative activity over
the chilling-sensitive ones. The pod walls in chickpea exposed to
cold stress upregulated the anti-oxidative enzymes to protect pods
and developing seeds from chilling injury (Kaur et al., 2008). Cold
acclimation in chickpea imparted cold tolerance at 2 and 4◦C,
which was attributed to enhanced activities of SOD, APX, GR,
and POX (Turan and Ekmekci, 2011). CAT, SOD and GR rep-
resent first lines of antioxidant defense which prevent formation
of more toxic ROS and play essential role in cellular H2O2 sig-
naling in chickpea (Shahandashti et al., 2014). In a subsequent
study in chickpea, Turan and Ekmekci (2011) exposed the chick-
pea cultivars to chilling treatment and reported the enhanced
activities of PSII and anti-oxidative enzymes in acclimated plants.
Higher activities of CAT, APX and GR were found in pod walls
of tolerant genotypes of chickpea which led to increased translo-
cation of GSH from pod wall to seeds and contribute to ROS
scavenging and tolerance to pod wall against low temperature
stress (Kaur et al., 2009). Soybean seedlings exposed to very low
temperature treatments (1◦C) resulted in increased activities of
anti-oxidative enzymes (Posmyk et al., 2001, 2005; Borowski and
Michalek, 2014). The tolerant genotypes of some cereals grow-
ing under cold stress showed higher expression of antioxidants
implicating their role in governing the cold tolerance. In chilling-
tolerant winter rye leaves, the contents of ascorbic acid and
α-tocopherol were found to be increased appreciable than the sen-
sitive genotype. Three antioxidant enzymes were studied in two
wheat cultivars, winter wheat and spring wheat, under low tem-
perature stress conditions. The levels of endogenous peroxides
were strongly increased in spring cultivar and to lesser extent in
winter wheat (Apostolova et al., 2008) at low temperature (Streb
and Feierabend, 1999). In rice, higher activities of antioxidant
enzymes (CAT, SOD, APX) and higher AsA content was recorded
which possibly provided cold tolerance (Huang and Guo,
2005; Guo et al., 2006). Antioxidant enzymes have significant
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importance in providing chilling tolerance in cold-stressed Zea
mays where levels of APX, MDHAR, DHAR, GR and SOD were
found to be elevated (Hasanuzzaman et al., 2013a). There are
some examples of other crops such as Coffea sp. (Hasanuzzaman
et al., 2013a), tomato (Zhao et al., 2009), Cucumber (Yang et al.,
2011), grapes (Wang and Li, 2006),Medicago sativa (Ibrahim and
Bafeel, 2008) where cold tolerance has been reported to be linked
to upregulation of various antioxidants.
PLANT ACCLIMATION TO TEMPERATURE STRESSES AND
REDOX HOMEOSTASIS
HIGH TEMPERATURE STRESS
Plants acclimate rapidly to different environmental conditions
and manifest different mechanisms for surviving under extreme
temperature conditions, together with long-term evolutionary
adaptations at morphological and phonological level, involving
changes in membrane lipid compositions, leaf orientation and
transpirational cooling or short-term avoidance or acclimation
mechanisms (Wahid et al., 2007; Larkindale and Vierling, 2008;
Bita and Gerats, 2013). The acclimation of plants to moderately
high temperature plays an important role in inducing plant tol-
erance to subsequent lethal high temperatures (He et al., 2003).
Under high temperature conditions, many crop plants undergo
early maturation, which is strongly related to decreased yield
and may occur as a result of involvement of escape mechanism
(Adams et al., 2001). Among general heat acclimation mecha-
nisms involving various stress proteins, osmo-protectants, antiox-
idant enzymes, ion transporters and factors involved in signaling
cascades and transcriptional control are essential to counteract
stress effects (Wang et al., 2004; Bita and Gerats, 2013). During
stress conditions, the initial stress signals arise in the form of
osmotic or ionic effects or changes in temperature or membrane
fluidity would trigger downstream signaling processes and tran-
scription controls. This further activates various stress-responsive
genes and mechanisms to re-establish homeostasis and protect
and repair damaged proteins and membranes in plants during
stressful conditions (Bohnert et al., 2006). Plants may experience
high temperatures even in their natural distribution which would
be lethal in the absence of this rapid acclimation response (Wahid
et al., 2007). In addition, plants can experience major tempera-
ture fluctuations, leading to the acquisition of thermotolerance
which may induce more general and variety of mechanisms
that contribute to redox control of homeostasis of metabolism
on a daily basis (Hong et al., 2003). During high temperature
stress, the primary effects are on the plasmalemma, resulting in
increased fluidity of lipid bilayer thereby leading to Ca2+ influx,
cytoskeleton reorganization, which results in the up regulation of
mitogen activated protein kinases (MAPK) and calcium depen-
dent protein kinases (CDPK), heat shock element (HSE), heat
shock proteins (HSPs) and histidine kinase (HSK) (Sung et al.,
2003). These different signaling cascades lead to the production of
antioxidants and compatible osmolytes for cell water balance and
osmotic adjustment, which also maintain redox homeostasis in
plant cells (Bohnert et al., 2006). Osmoprotectants accumulation
is one of an important adaptive mechanism in plants subjected
to extreme temperature conditions (Sakamoto et al., 2000). The
accumulation of different osmoprotectants like proline, glycine
betaine and soluble sugars is necessary to regulate osmotic
activities and protect various cellular structures from tempera-
ture stresses by maintaining the cell-water balance, membrane
stability and by buffering the cellular redox potential (Farooq
et al., 2008). According to studies, higher availability of carbo-
hydrates such as glucose and sucrose during heat stress represents
an important physiological trait associated with stress tolerance
and acclimation (Liu and Huang, 2000). Also, sugars have been
shown to act as antioxidants in plants (Lang-Mladek et al., 2010).
However, at lower concentrations, they act as signaling molecules,
but at higher concentrations these act as ROS scavengers also
(Sugio et al., 2009). For instance, in tomato, the high cell wall
and vacuolar invertases activities and increased sucrose import
into young fruit contribute to high temperature tolerance through
increasing sink strength and sugar signaling activities (Li et al.,
2012). Furthermore, secondarymetabolites like anthocyanins and
carotenoids also help in plant acclimation responses by enhancing
their synthesis and by decreasing leaf osmotic potential, resulting
in an increased uptake and reduced transpirational loss of water
under stress conditions (Wahid et al., 2007). Plants may accumu-
late phenolics by stimulation of their biosynthesis and inhibition
of their catabolism as one of the acclimation mechanisms against
temperature stress, as indicated by several studies in tomato and
watermelon (Rivero et al., 2001; Wahid et al., 2007). The ability of
plants to withstand or to acclimate to extreme temperature con-
ditions results from repair of their heat-sensitive components and
also the prevention of further heat injury and redox homeostasis
being also maintained during stress (Kaya et al., 2001).
LOW TEMPERATURE STRESS
In cold acclimation, plants acquire stress tolerance on prior expo-
sure to suboptimal, low and non-freezing temperatures however;
various plant species differ in their ability to face cold stress,
which is governed by appropriate changes in gene expression
to alter their metabolism, physiology and growth (Chinnusamy
et al., 2010). Plant species acclimate during cold stress, by syn-
thesis of cryoprotective molecules such as soluble sugars (sac-
charose, raffinose, stachyose, trehalose), sugar alcohols (sorbitol,
ribitol, inositol) and low-molecular weight nitrogenous com-
pounds (proline, glycine betaine) (Janska et al., 2009). These
molecules stabilize both membrane phospholipids and proteins,
and cytoplasmic proteins in conjunction with dehydrin proteins
(DHNs), cold-regulated proteins (CORs) and heat-shock pro-
teins (HSPs). Cryoprotective solutes are also involved in main-
tenance of hydrophobic interactions, homeostasis of ions, protec-
tion of the plasma membrane from adhesion of ice, scavenging
ROS and consequent damage to cells (Iba, 2002;Wang et al., 2003;
Gusta et al., 2004, 2005; Chen and Murata, 2008; Janska et al.,
2009).
Also, the increased activity of the antioxidative enzymes such
as superoxide dismutase, glutathione peroxidase, glutathione
reductase, ascorbate peroxidase and catalase, as well as the
presence of a series of non-enzymatic antioxidants, such as
tripeptidthiol, glutathione, ascorbic acid (vitamin C) and alpha-
tocopherol (vitamin E) play important role in cold acclimation
and maintanance of cellular redox homeostasis (Chen and Li,
2002). Cold acclimation also affects cell lipid composition by
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increasing the proportion of unsaturated fatty acids making up
the phospholipids, which is necessary for the maintenance of
plasma membrane functionality (Rajashekar, 2000; De Palma
et al., 2008). Cold-acclimation induced chilling tolerance in
chickpea was found to be associated with marked increase in
endogenous ABA, cryoprotective solutes, antioxidative enzymes
like ascorbate, glutathione, superoxide dismutase and catalase,
relative growth rate of roots and significant decrease in elec-
trolyte leakage and oxidative damage (Nayyar et al., 2005a). Some
previous observations on this aspect also related higher chilling
tolerance imparted by cold acclimation to elevated endogenous
ABA (Janowiak et al., 2003), calcium (Knight et al., 1996), car-
bohydrates (Thomashow, 1999), and proline (Xin and Browse,
1998). During cold acclimation, changes in H2O2 concentrations
and GSH/GSSG ratio alter the redox state of cells and activate
special defense mechanisms through redox signaling chain (Kocsy
et al., 2001). H2O2 generated by NADPH oxidase in the apoplast
of plant cells plays a crucial role in cold acclimation induced chill-
ing tolerance in tomato (Lycopersicon esculentum; Zhou et al.,
2012). Some plants modulate their antifreeze activity by Ca2+,
which is either released from pectin or bound to specific pro-
teins and enhance the synthesis of proteins that inhibit the activity
of ice nucleators in response to cold stress (Moffatt et al., 2006;
Janska et al., 2009). An altered ratio of abscisic acid (ABA) to
gibberellin content, in favor of ABA, results in the retardation
of growth required for cold acclimation (Juntilla et al., 2002).
Gibberellin content is regulated by a family of nuclear growth-
repressing proteins called DELLAs, and these are components
of the C-repeat (CRT) binding factor 1 (CBF1)-mediated cold
stress response. However, the degradation of DELLAs is stimu-
lated by gibberellins (Achard et al., 2008). Various cellular changes
induced by temperature stress and metabolic homeostasis are
shown in model (Figure 6).
STRATEGIES FOR THE DEVELOPMENT OF TEMPERATURE
STRESS TOLERANCE INVOLVING REDOX HOMEOSTASIS
EXOGENOUS MOLECULES IN REDOX HOMEOSTASIS IN PLANTS
UNDER TEMPERATURE REGIMES
Some molecules have the potential to protect the plants from
the harmful and adverse effects of temperature stresses (Kaushal
et al., 2011; Sharma et al., 2012) and these impart protection by
managing the ROS. There are several reports where exogenous
application of molecules such as proline (Pro), glycine betaine
(GB), trehalose (Tre), brassiosteroids (Brs), polyamines (PAs),
salicylic acid (SA), nitric oxide (NO), abscisic acid (ABA) and
some trace elements like selenium etc. has shown beneficial effects
on plant growth and development under stressful conditions by
upregulation of antioxidant capacity (Tausz et al., 2004; Hefny
and Abdel-Kader, 2009). Proline (Pro), a non-essential amino
acid, is one of the most studied and extensively-reported ther-
moprotectant. Many studies have indicated a positive relationship
between the accumulation of Pro and plant stress tolerance.
Chickpea plants grown with exogenous Pro showed less injury
to membranes, improved chlorophyll and water contents espe-
cially at 45/40◦C due to protection of vital enzymes of antioxidant
metabolism under heat stress (Kaushal et al., 2011). Proline,
when exogenously applied to tobacco culture cells resulted in
decreased lipid peroxidation but increased SOD and catalase
activities (Islam et al., 2009). Supplementation with Pro and GB
considerably reduced H2O2 production and showed decrease in
oxidative injury coupled to elevated levels of antioxidants in sug-
arcane (Rasheed et al., 2011). According to Gao et al. (2013),
under heat stress, pre-treatment with trehalose (Tre) protected
proteins in the thylakoid membranes and the photosynthetic
capacity, reduced electrolyte leakage, MDA content and hydro-
gen peroxide levels due to elevated levels of antioxidants. The
potential of Tre to induce heat tolerance in other crops needs to
be examined as has been reported for inducing cold tolerance.
Likewise, induction of cold tolerance by glycine beatine was found
to be associated with increase in leaf water content, chlorophyll
and sucrose concentrations, reduction in ABA and oxidative dam-
age (Nayyar et al., 2005d). When supplied with exogenous glycine
betaine, cold-stressed cucumber plants showed better survival,
enhanced photosynthetic efficiency, and reduced MDA content
and ROS (Li et al., 2004). Similar cryoprotective effects of exoge-
nously applied GB were also confirmed when applied toMedicago
seedlings (Zhao et al., 1992), potato (Somersalo et al., 1996),
strawberry (Rajashekar et al., 1999), maize (Farooq et al., 2008),
and tomato (Park et al., 2006). Foliar application of GB has
resulted in induction of tolerance against cold stress in Medicago
sativa (Zhao et al., 1992), wheat (Allard et al., 1998), strawberry
(Rajashekar et al., 1999), and chickpea (Nayyar et al., 2005d).
Abscisic acid (ABA) is a naturally-occurring compound that
helps to regulate plant growth and development (Pospisilova
et al., 2009). A significant increase in free and conjugated ABA
was observed in tomato seedlings at 45/35◦C compared to control
plants (25/15◦C), which increased plant tolerance to temperature
stress (Daie and Campbell, 1981). Likewise, ABA levels increased
in response to heat treatment in tobacco (Teplova et al., 2000),
which possibly is linked to redox homeostasis. There are reports
where exogenous application of 10μMABA alleviated heat stress
symptoms by increasing SOD, CAT, APX, POX and decreasing
H2O2 and MDA contents (Ding et al., 2010). In heat-stressed
chickpea, exogenous application of 2.5μMABA increased growth
which was associated with enhanced endogenous ABA levels
(Kumar et al., 2012b). Maize seedlings grown for 1–4 days in
the presence of ABA were better able to withstand the effects of
3 h sub-lethal (40◦C) and lethal (45◦C) heat shocks to roots and
shoots (Bonham-Smith et al., 1988). Pre-treatment of maize with
0.3mML−1 ABA at 46◦C improved the thermotolerance under
heat stress (Gong et al., 1998). Heat tolerance increased signifi-
cantly within 24 h of ABA application at 7.6 or 9.5μM in leaves
and cell tissue culture in grapes (Abass and Rajshekhar, 1993).
An ABA concentration of 10−5 M inhibited heat-induced effects
and enhanced thermostability of thylakoid organization in barley
in response to heat stress (Ivanov et al., 1992). In cold-stressed
plants too, ABA-treated plants showed significantly less oxidative
damage, which was attributed to enhanced activities of various
enzymatic and non-enzymatic antioxidants. The studies indicated
that these plants showed improved cold tolerance as a result of
increase in leaf water content and decrease in oxidative stress
(Kumar et al., 2008).
Brassinosteroids (BRs) have a protective function under var-
ious abiotic stresses (Vardhini and Rao, 2003), which includes
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FIGURE 6 | Temperature stress and metabolic homeostasis. Temperature stress acclimation induces changes in many different cellular processes, provides
stress tolerance and maintains the cellular redox state in plants.
enhancement of antioxidants. Exogenous application of BR has
a promotory effect on the growth of wheat (Shahbaz et al., 2008),
French bean (Upreti and Murti, 2004) and is involved in stim-
ulating cell elongation under water stress conditions (Salchert
et al., 1998). Supplementation with exogenous 24-BR’s in tomato
plants showed better responses under heat stress (40/30◦C).
Activity of antioxidant enzymes such as SOD, APX, CAT were
found to be increased, resulting in increase of shoot weight
(Ogweno et al., 2008). A significant increase in net photosyn-
thetic rate was reported by epibrassinosteroid (EBR) application
to cucumber (Cucumis sativum L.; Yu et al., 2004) and tomato
(Singh and Shono, 2005). The treatment of rapeseed and tomato
seedlings with 24-epibrassinolide (a type of brassionosteroid)
increased their basic thermotolerance (Dhaubhadel et al., 1999).
In Indian mustard, application of different concentrations of 24-
epibrassinolide (0, 10−6, 10−8, 10−10 M) on 10-day-old seedlings
at 40◦C identified that 10−8 M was most effective for temperature
amelioration due to enhanced activity of antioxidant enzymes
(SOD, CAT, APX; Kumar et al., 2012c). Exogenous application
of BRs retarded the rate of chlorophyll degradation and proteins
associated with these pigments particularly those associated with
chloroplast thylakoid membranes (Hola, 2011). In cold-stressed
plants too, BRs conferred protection by reducing the oxidative
damage. Foliar application of 24-epibrassinolide reduced oxida-
tive damage and accelerated recovery from photoinhibition of
PSII by activation of enzymes in Calvin cycle and increased the
antioxidant capacity in cucumber during cold stress (10/7◦C)
(Jiang et al., 2013).
Salicylic acid is an important signaling molecule in plant
defense responses (Yuan et al., 2008). Exogenous application of
SA mitigates the effects of heat stress (Dat et al., 1998; Senaratna
et al., 2003). In grape plants, exogenous pre-treatment with
0.1mM SA maintained relatively higher activities of POX, SOD,
APX, GR, and MDHAR indicating that SA can induce intrin-
sic heat tolerance in grapevines (Wang and Li, 2006). In another
study on grapes treated with 100μM SA, exposure to 43◦C
resulted in higher RUBISCO activity, increased PSII function and
hence photosynthesis (Wang et al., 2010). Likewise, 10−5 M SA
significantly increased all growth parameters, antioxidant activity
and Pro levels in Indian mustard growing under heat stress (30◦C
and 40◦C) (Hayat et al., 2009). The results were confirmed by
Kaur et al. (2009) who reported improved antioxidative abilities
of CAT and POX in Brasscia species after exogenous applica-
tion of 10 and 20μM SA at high temperatures (40–55◦C). SA
application enhanced SOD activity significantly at 2 and 12 h
heat stress and increased CAT activity within 12 h (He et al.,
2003). In a study on six chickpea genotypes, seedlings were
sprayed with 100μM L−1 SA at 46◦C significantly reduced mem-
brane injury, and enhanced protein and Pro contents which were
accompanied by increased POX and APX activities (Chakraborty
and Tongden, 2005). Pre-treatment of heat-stressed mungbean
seedlings with SA reduced lipid peroxidation but improved
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membrane thermostability and antioxidant activity (Saleh, 2007).
In cucumber, 1mM SA foliar spray reduced electrolyte leakage
and H2O2 level, and increased catalase activity (Shi et al., 2006).
SA application has been found to be effective for improving cold
tolerance (Tuteja et al., 2013). For instance, SA can induce cold
tolerance in barley (Hordeum vulgare) by regulating activities of
apoplastic antioxidative enzymes (Mutlu et al., 2013).
Nitric oxide (NO) is considered a signaling molecule involved
in the regulation of physiological processes and stress responses
in plants (Hasanuzzaman et al., 2013b). NO is a highly reactive,
membrane permeant free radical which plays a crucial role in
many physiological processes such as seed germination, reduction
of seed dormancy, leaf expansion, regulation of plant matura-
tion and senescence (Mishina et al., 2007), suppression of floral
transition (He et al., 2004), ethylene emission and stomatal clo-
sure (Garcia-Mata and Lamattina, 2002; Neill et al., 2002; Guo
et al., 2003), programmed cell death and light-mediated green-
ing (Zhang et al., 2006). Recently, it has attracted wide attention
due to its protective role in stress responses in different plant
species (Hasanuzzaman et al., 2013b). In wheat, application of
50 and 100μM SNP on two cultivars C306 (heat-tolerant) and
PBW550 (heat-sensitive) growing at 33◦C increased the activi-
ties of all antioxidant enzymes along with increased membrane
thermostability and cellular viability (Bavita et al., 2012). In
Mungbean, exogenous NO in the form of SNP during heat shock
maintained the stability of chlorophyll a fluorescence, membrane
integrity, H2O2 content and antioxidant enzyme activity (Yang
et al., 2006). Similarly, exogenous application of 0.5mM SNP on
8-day-old heat-treated seedlings (38◦C) of wheat for 24 and 48 h
significantly reduced the high-temperature-induced lipid peroxi-
dation and H2O2 content but increased the chlorophyll content,
ascorbic acid, reduced glutathione (GSH) and the oxidized glu-
tathione (GSSG) ratio (Hasanuzzaman et al., 2012a,b). The pro-
tective effect was linked to up-regulation of the antioxidant and
glyoxalase system (Hasanuzzaman et al., 2012a,b, 2013b). SNP
pre-treatment reduced the heat-induced damage in rice seedlings
(Uchida et al., 2002) and increased the survival rate of wheat
leaves and maize seedlings (Lamattina et al., 2001) thus validating
its role in thermotolerance.
Ascorbic acid (AsA) is the most abundant and low molecular
weight potential antioxidant having key role in defense against
oxidative stress caused by enhanced level of ROS (Horemans
et al., 2000; Athar et al., 2008). It can directly quench superoxide
(O−2 ), hydroxyl radicals (OH.), and singlet oxygen (1O2) thereby
providing membrane protection and regenerating α-tocopherols
from tocopheroxyl radical, thereby, providing protection tomem-
branes (Sharma et al., 2012). According to some reports, over-
expression of enzymes involved in AsA biosynthesis confers
temperature stress tolerance, as observed in some plants such
as Lycopersicum esculentum, Solanum tuberosum (Chaves et al.,
2002; Hemavathi et al., 2010; Radyuk et al., 2010), strawberry
(Hemavathi et al., 2009). InMungbean, plants treated with 50μM
ascorbic acid exhibited significant enhancement in germination
and growth of seedlings, pertinently under heat stress. AsA-
treated plants showed less damage to membranes, cellular res-
piration, chlorophyll concentration and water status. Moreover,
the oxidative stress was significantly reduced as a result of ASA
application. Also, the increased activities of SOD, CAT and ascor-
bate peroxidase were found in AsA treated plants at 40/30 and
45/35◦C (Kumar et al., 2011).
Various signaling molecules providing stress tolerance are
shown in Figure 7. Some other examples of crops with protective
effects of exogenous molecules under stress conditions are shown
in Table 1.
TRANSGENICS
Plants can sense, transduce and translate the signals associated
with ROS into appropriate cellular response depending on cel-
lular redox state (Bhattacharjee, 2005). ROS/redox signaling net-
works in chloroplast and mitrochondria have important roles in
plant adaptations to stresses (Mittler, 2002; Hemantaranjan et al.,
2014). These various signals help the plant in cellular homeosta-
sis under stressful conditions by controlling essential processes
like transcription, translation, energy metabolism and protein
phosphorylation (Mittler et al., 2011; Bita and Gerats, 2013).
Various molecular approaches are assisting to understand the
concept of temperature stress tolerance in plants (Wang et al.,
2003; Hemantaranjan et al., 2014). Plants tolerate stress bymodu-
lating multiple genes and by coordinating the expression of genes
in different pathways (Vinocur and Altman, 2005; Hasanuzzaman
et al., 2013b). The adverse effects of temperature stresses can be
mitigated by developing crop plants with improved stress toler-
ance using various transgenic approaches (Rodriguez et al., 2005).
Among different defensive mechanisms, expression of some spe-
cial types of proteins called heat shock proteins (HSPs) appears to
be universal in lower and higher organism (Wahid et al., 2007;
Suzuki et al., 2011). Temperature stress-response signal trans-
duction pathways and various defense mechanisms, involving
heat shock transcription factors (HSFs) and heat shock proteins
(HSPs) are thought to be intimately associated with ROS and
help in defense mechanisms in plants by providing stress toler-
ance (Pnueli et al., 2003; Suzuki and Mittler, 2006; Zhang et al.,
2008). According to various studies, an intimate relationship
appears to exist between oxidative stress and heat shock response
(Pucciariello et al., 2012). HSF’s possibly act as direct sensors of
ROS, as evidenced by earlier studies on mammals, Drosophila
and yeast (Ritossa, 1962). HSP’s act as molecular chaperones and
stabilize several cellular proteins under temperature stress, which
has been reported to be a highly conserved response (Ahn and
Thiele, 2003; Suzuki and Mittler, 2006). ROS production leads to
the transduction of signals and the expression of heat shock genes
in tobacco (Konigshofer et al., 2008). Heat shock proteins (HSP)
are present under normal conditions but their expression level
increases when the cell is under stress or shock (Robert, 2003).
In normal growth conditions, HSPs control cellular signaling,
protein folding, translocation and degradation but under high
temperature stress they prevent protein misfolding and aggrega-
tion, and also protect membranes in plants and maintain redox
homeostasis (Bita and Gerats, 2013). These proteins function as
molecular chaperones and play crucial role in protecting plants
against stress and maintaining homeostasis in cell and helps in its
survival during heat stress (Feder and Hofmann, 1999). In addi-
tion to the studies concerning expression of sHSPs/chaperones
and manipulation of HSF gene expression, transgenic plants
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FIGURE 7 | A combined model showing the involvement of various
signaling molecules and phytohormones under temperature stresses.
Compatible solutes Pro, GB, and Tre mitigate stress by osmoregulation
and production of antioxidants. BRs, PAs, SA, ABA, and other signaling
molecules such as NO activate the MAPK cascade leading to regulation
of transcription factors which further results in expression of specific
genes and elevation of antioxidants providing stress tolerance.
Abbreviations: BRs, Brassinosteroids; Pas, Polyamines; SA, Salicylic acid;
ABA, Abscisic acid; NO, Nitric oxide; MAPK, Mitogen-activated protein
kinase.
modified with other genes related to heat tolerance have been
produced with varied success. Genetic improvement of proteins
involved in osmotic adjustments, ROS detoxification, photosyn-
thetic reactions and protein biosynthesis have showed positive
results in developing transgenic plants with thermotolerance as
shown in Table 2.
Diverse crop species tolerate low temperature to a vary-
ing degree, which depends on re-programming gene expression
to modify their physiology, metabolism and growth (Sanghera
et al., 2011). According to various studies, over-expression of
combinations of antioxidant enzymes in transgenic plants has
synergistic effect on stress tolerance (Kwon et al., 2003). Some
of the stress-inducible genes especially encoding proteins which
involve detoxification enzymes such as CAT, SOD, APX, GR etc.
have been overexpressed in transgenic plants, further producing
stress-tolerant phenotypes (Shinozaki et al., 2003). Simultaneous
expression of multiple antioxidant enzymes, such as Cu/Zn-SOD,
APX, and DHAR in chloroplast has shown to be more effective
than single or double expression for developing transgenic plants
with enhanced tolerance to multiple environmental stresses (Lee
et al., 2007). Low temperature limitations have been overcome by
the identification of cold- tolerant genes for transfer to genet-
ically transformed crops. Therefore, transgenic plants overex-
pressing multiple antioxidants have increased emphasis in order
to achieve cold tolerance (Sharma et al., 2012). Overexpresson
of GR in Nicotiana tabacum and Populus plants leads to higher
foliar AsA contents and improved tolerance to oxidative stress
(Aono et al., 1993; Foyer et al., 1995) due to chilling injury.
Tobacco plants genetically engineered to over-express chloro-
plast glycerol-3-phosphate acyltransferase (GPAT) gene (involved
in phosphatidyl glycerol fatty acid desaturation), taken from
Arabidopsis and Cucurbita maxima, were found to have enhanced
cold tolerance, which was attributed to increase in number of
unsaturated fatty acids. Higher lipid de-saturation of membranes
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Table 1 | Effects of some exogenous molecules involving antioxidants in various crops under temperature stress conditions.
Crop Treatment Molecules Effects References
Vitis vinifera 42◦C, 12 and 18h 50μM JA, 6 h Upregulation of the activities of antioxidant
enzymes
Chen et al., 2006
Phaseolus radiates 45◦C, 90min 150μM SNP, 60min Increased the activities of CAT, SOD and
POD
Yang et al., 2006
Triticum aestivum 35 ± 2◦C, 4 or 8 h Arginine or Put (0.0, 1.25,
and 2.5mM), 4 or 8 h
Increased SOD and CAT activities,
increased DNA and RNA contents, reduced
MDA level
Khalil et al., 2009
Oryza sativa 35◦C, 48 h 0.5mM SA, 24 h Decreased electrolyte osmosis Reduced
MDA content and O−2 production rate
Lu et al., 2009
Sorghum bicolor 40/30◦C, 45 days 75mg L-1 Na2SeO4 foliar
spray
Decreased membrane damage Enhanced
antioxidant defense Increased grain yield
Mohammed and
Tarpley, 2010
Cicer arietinum 45/40◦C, 10 days 10μM Pro, 10 days Enhanced activities of antioxidants and
carbon metabolism enzymes
Kaushal et al., 2011
Phaseolus aureus Roxb. 35/25, 45/35 as
(day/night 12 h/12 h)
50μM ABA Increased activities of antioxidants,
glutathione and proline
Kumar et al., 2011
Triticum aestivum 45◦C in germinated
seeds, 2 h
Put, 10μM Elevated activities of enzymatic and
non-enzymatic antioxidants
Asthir et al., 2012
Phaseolus vulgaris 34.7 to 35.2◦C 25, 50mg L-1 BRs spray Increased growth Less oxidative damages El-Bassiony et al.,
2012
Cicer arietinum 35/30, 40/35 and 45/40◦C
as day/night
10μM Pro, GB and Tre Increased growth Less oxidative damages
Decreased MDA and H2O2 contents
Kumar et al., 2012b
Phaseolus aureus Roxb. As 2.5, 5.0, 10μM Se 2.5, 5.0μM Elevated levels of antioxidants,
metallothioneins, thiols and GST which
antagonizes As toxicity
Malik et al., 2012
Triticum aestivum L. 35◦C for 7 days 5μM
α-tocopherol
Improved levels of enzymatic an
non-enzymatic antioxidants
Kumar et al., 2013c
Oryza sativa L. 42/37◦C light/dark 15/9 h 1mM GABA Reduced membrane and oxidative damage,
elevated levels of antioxidants
Nayyar et al., 2013
Table 2 | Transgenic plants having heat tolerance in various plant species and their responses to ROS scavenging.
Transgene Source Transgenic plant Functions References
ANP1/NPK1 N. tabacum N. tabacum H2O2 responsive MAPK kinase (MAPKKK)
production to protect against the
lethality in HT
Murakami et al.,
2000
Dnak1 Aphanothece halophytica N. tabacum Thermotolerance Ono et al., 2001
APX1/HvAPX1(Ascorbate
peroxidase)
P. sativum/
H. vulgare
A. thaliana H2O2 detoxification and conferred heat
tolerance
Shi et al., 2001
TLHS1 N. tabacum N. tabacum Synthesis of sHSP and stress tolerance Park and Hong, 2002
Hsp100, Hsp101 A. thaliana Z. mays,O. sativa HSP synthesis for HT tolerance Katiyar-Agarwal
et al., 2003
Hsp17.7 D. carota Daucus carota Synthesis of sHsp,
thermotolerance
Murakami et al.,
2004
MT-sHSP L. esculentum N. tabacum Molecular chaperone function in vitro Sanmiya et al., 2004
BADH (betaine aldehyde
dehydrogenase)
Spinacia oleracea N. tabacum Over-production of GB osmolyte that will
enhance the heat tolerance
Yang et al., 2005
Fad 7 N. tabacum
O. sativa
N. tabacum De-saturation of fatty acids that increased level
of unsaturated fatty acids and provide
HT tolerance
Sohn and Back, 2007
is crucial for optimum membrane function in plants (Sanghera
et al., 2011). In Nicotiana tabacum, chilling tolerance at 1◦C
for 7 days was achieved by over-expression of genes encoding
chloroplast omega-3-fatty acid desaturase (Kodama et al., 1994).
Transgenic rice seedlings overexpressing OsNAC5 (encodes for
transcription factor to regulate stress response) or suppression
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of OsNAC5 expression by RNAi provided low temperature tol-
erance (Song et al., 2011). Also, the transgenic rice overexpressing
Sod1 (encoding Cu/Zn superoxide dismutase) were produced to
obtain plants with improved tolerance to oxidative and cold stress
(Cruz et al., 2013). Various crops have been genetically engineered
to obtain plants with improved low temperature tolerance, which
also involves reduction in oxidative stress (Table 3).
CONCLUSION AND FUTURE PERSPECTIVES
Extreme temperatures are considered as major abiotic stresses
for crop plants and also they are the causes of consequences of
present day climate change. Plants growing in temperature range
exceeding their limits of adaptation have substantial influence on
their metabolism, physiology and yield. A common response in
the form of oxidative stress is often showed by plants exposed to
extreme temperature conditions (Hasanuzzaman et al., 2013b).
During temperature stresses, overproduction of ROS can be a
major risk factor to plant cells and also enhance the expres-
sion of ROS detoxifying and scavenging enzymes (Hossain
and Fujita, 2011). ROS scavenging enzymes or antioxidants
form the network, having important roles in redox signaling
in chloroplast and mitochondria. This redox signaling main-
tains a delicate balance of homeostasis between different cellular
components and within each organelle (Suzuki andMittler, 2006;
Suzuki et al., 2011). Under stress conditions, various important
biological pathways such as regulation of gene expression, energy
metabolism and protein phosphorylation are regulated by the
cross-talk between different cellular components and redox sig-
naling, further providing essential information on cellular redox
state, associated with abiotic stress responses to optimize defense
and survival (Foyer and Noctor, 2005, 2009). However, the
extent of oxidative damage due to extreme temperature condi-
tions depends largely on the duration of the adverse temperature,
exposure of plant and their stage of growth. Therefore, there is
need to develop the crop plants with temperature stress tolerance
by exploring suitable and necessary strategies to manage oxida-
tive stress. The use of the various exogenous molecules and the
development of plants with different transgenes are important
strategies to manage oxidative stress and maintain redox cellular
state in plants. The ROS networks are interlinked with different
networks in plants and control the temperature stress acclimation
and tolerance. Various components involved in redox signaling
networks may have individual signaling tasks within a given cel-
lular compartment (Foyer and Noctor, 2003). Although in recent
studies, the role of ROS and antioxidants in maintaining redox
state has been intensively studied, but still there are open ques-
tions in this field. Therefore, it needs attention to study in detail
the redox changes during cell growth, differentiation and division
Table 3 | Transgenics for cold tolerance and involvement of ROS scavenging mechanisms.
Transgene Host plant Functions References
Glycerol-3-phosphate acyltransferase
(gpat)
Nicotiana tabacum Fatty acid unsaturation Murata et al., 1992
Superoxide dismutase (SOD) Nicotiana tabacum Dismutation of toxic ROS intermediates Gupta et al., 1993
mn-SOD cDNA
(Mn-Superoxide dismutase)
Medicago sativa Dismutation of ROS intermediates in
mitrochondria, freezing tolerance
McKersie et al., 1996
gst/gpx
(Glutathione-S-transferase/Gluthathione
peroxidase)
Nicitiana tabacum Detoxification of toxic substances and chilling
tolerance
Roxas et al., 1997
WSC120/COR39 CCGAC sequences
like CRT/DREs in promoter
Triticum aestivum Low temperature tolerance Ouellet et al., 1998
SCOF1
(Cold inducible Zn finger protein)
Glycine max Activate COR gene expression, increased
freezing tolerance
Kim et al., 2001;
Kumar et al., 2012b,
2013a
CAT (Catalase) Oryza sativa L. Cv. Yuukara or
Matsumae
Low temperature stress tolerance due to
effective detoxification of H2O2 by CAT
Matsumura et al.,
2002
CuCOR19
(Citrus dehydrin)
Nicotiana tabacum Inhibition of lipid peroxidation and increased
cold tolerance
Hara et al., 2003
GR (Glutathione reductase) Gossipium hirsutum L.
Cv.Coker 312
Chilling stress tolerance and photoprotection Kornyeyev et al., 2003
DHAR (Dehydroascorbate reductase) Nicotiana Tabacum cv.Xanthi Detoxification of H2O2 Kwon et al., 2003
Glutathione peroxidase (GPX) Nicotiana Tabacum cv.Xanthi Chilling stress under high light intensity and
antioxidative defense
Yoshimura et al., 2004
HOS10 (Encodesan R2R3 type protein) Oryza sativa Chilling and freezing tolerance Zhu et al., 2005
ScTPS1-ScTPS2 Medicago sativa Freezing tolerant Saurez et al., 2009
DREB1C Medicago truncatula Freezing tolerance Chen et al., 2010
CBF1CRT/DRE binding factor 1 Solanum lycopersicum Higher SOD activity, lower MDA content and
cold tolerance
Zhang et al., 2010
MfGolS1 Medicago falcata Raffinose accumulation
Cold tolerant
Zhao et al., 2012
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and also the specificity of the individual ROS and antioxidants
and their interactions with hormone and secondary messengers
during temperature-stress conditions. New insights into converg-
ing and diverging redox signaling pathways would be provided
by the description of the redox-dependent spatial and tempo-
ral changes at various organization levels during plant growth
and development and evaluation processes. Therefore, it could
be useful for the better agriculture to clearly understand the
redox control of plant growth, development and flowering. There
are numerous research findings which support the notion that
induction and regulation of antioxidant defenses are necessary
for obtaining substantial tolerance against temperature stresses.
Based on the various studies on redox environment, the modifi-
cation of the cellular redox state may be used to increase the yield
and stress tolerance in plants and to improve agriculture.
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